INTRODUCTION
The wilts comprise a great group of diseases of plants. They attack such plants as asters, bananas, cotton, elm, maple, oak, tomatoes, and zinnias. It is common knowledge that a wilted plant suffers from dehydration. Does the plant wilt in these diseases because its root cannot absorb enough water, because the stem cannot transport the water fast enough to leaves, or because the leaves cannot retain their share of the water?
In our laboratory we have investigated various mechanisms that could account for the symptoms of the wilt diseases' and have explored the possibility of therapeutants to eliminate or ameliorate the symptoms.2' 3 Our data suggest that plants suffering from wilt diseases absorb adequate amounts of water from the soil but that the conduction of water through stem and petioles is reduced markedly.4 The water-conducting tubes are usually discolored in wilt diseases, and obstructions to water flow can be seen in the form of gummy occlusons or of tyloses in some hosts. The amount of fungus that grows in these vascular tubes is usually insufficient to account for the reduced water flow.-Obstruction of the water-conducting vessels has been ascribed to partially hydrolyzed polysaccharides of the host cell walls as a result of the action of extracellular enzymes produced by the pathogen. For Fusarium wilt of tomato, pectic enzymes have been assigned an important role in this process.6 7 8 In the case of Dutch elm disease, Beckman has extended these ideas to include cellulase as well.9 In this paper we shall explore the nature of some extracellular, hydrolytic enzymes of the Dutch elm disease pathogen, Ceratocystis ulmi (Buisman) Moreau, examine the role they plant in the metabolism of the fungus and in the pathogenesis of the elm tree, and explore inhibitors of these enzymes as chemotherapeutants.
METHODS
Ceratocystis ulmi (Buisman) Moreau, the fungus causing Dutch elm disease, was grown on a liquid medium containing 1.5 gm. KH2PO4, 0.01 gm. FeCl3, 1 gm. yeast extract, 2 gm. asparagine, and 15 gm. glucose per liter of distilled water. Other carbon sources were substituted singly in the medium for glucose in experiments described below. These were citrus pectin,'0 carboxy methyl cellulose," cotton cellulose,'2 and wood cellulose.'3 The fungus was also grown on a medium consisting of 250 gm. of chopped elm twigs in 1000 ml. of distilled water.
Flasks containing sterilized nutrient medium were inoculated with a highly pathogenic black strain of C. ulmi and were incubated on a shaker at 250 C. At the end of the growth period, cultures were filtered to remove cells, the filtrate was centrifuged, and the supernatant was retained. This is called the "culture filtrate."
The polygalacturonase activity of the culture filtrate was determined by the loss of viscosity of pectin substrates and by the appearance of reducing groups as the substrate was hydrolyzed. The substrate consisted of a 1.2 per cent solution of citris pectin or of sodium polypectate, buffered to pH 5.5 with citrate. The viscosity was measured in a size 300 Ostwald-Fenske viscometer at 320 C.
Reducing groups were analyzed by the Willstator-Schudel hypoiodite method as modified by Jansen and MacDonnell.14 One volume of culture filtrate was incubated with 9 volumes of substrate, and aliquots were withdrawn for analysis from time to time. As controls, a boiled sample containing PG, Pectinol 100D,'5 were incubated with substrate and analyzed for reducing groups.
Cellulase activity was detected viscosimetrically, using a substrate consisting of 0.5 per cent CMC-7011 buffered to pH 5.5 with citrate. The increase in reducing sugars from the action of cellulase was determined by Nelson's modification'6 of the micromethod of Somogyi. One milliliter of culture filtrate was added to 9 ml. of CMC-3011 in 0.02 M acetate buffer, so that in the reaction mixture the pH was 5.5 and the concentration of substrate was 0.5 per cent. The reaction mixture was incubated at 350 C. One-milliliter aliquots were removed at the beginning and end of 2 hours, and enzyme activity was measured in terms of the increase in reducing sugar in this period. Each test was run in triplicate, and a boiled sample of culture filtrate and a 0.25 per cent solution of a commercial cellulase, 19 AP"5, were used with substrate as controls.
In determining the properties of the polygalacturonase of C. ulmi, a sample of partially purified enzyme was prepared from the culture filtrate. Five liters of culture filtrate from a week-old culture on pectin were concentrated to 500 ml. in vacuo at 30°C. Three volumes of cold acetone were added, and the precipitate, after settling overnight at 50 C., was collected by centrifuging and was dried under vacuum. A 1 per cent solution of the dried precipitate was dialyzed against distilled water for 12 hours, and the dialyzed solution was used as the enzyme sample.
Cellulase was partially purified, using a week-old culture-of the fungus on elm twigs and yeast extract. The culture filtrate was concentrated tenfold in vacuo at 30°C. After centrifuging to remove cells and debris, the supernatant was mixed 595 with four volumes of saturated ammonium sulfate solution. The precipitate, after standing for 12 hours at 200 C., was collected by centrifugation. The precipitate was then shaken with 200 ml. of distilled water for 48 hours and contained 75 per cent of the initial cellulase activity. This was the cellulase enzyme sample.
RESULTS AND DISCUSSION
Polygalacturonase.-Polygalacturonase production was related to the carbon source on which the fungus grew. Activity was at a maximum in 4-7-day culture filtrates when the fungus grew on autoclaved elm twigs, a medium containing native and not derived pectin. Activity was moderate when the fungus grew in a nutrient containing 1 per cent pectin and was very week when the medium contained glucose alone. In all cases the polygalacturonase activity was considerably less than is shown by other pectolytic fungi.7 The enzyme of C. ulmi caused a slow loss of vis-- cosity of sodium polypectate but was less effective on citrus pectin (Fig. 1) . When 10 ml. of active filtrate were added to 90 ml. of 0.5 per cent solution of sodium polypectate, only a small amount of reducing groups was formed, even after 12 hours of incubation (Fig. 2) .
Characteristics of the polygalacturonase of C. ulmi include the pH at which activity is at a maximum, a property used in subsequent experiments with this enzyme. The activity of purified polygalacturonase was determined by measuring the rate of loss of viscosity of sodium polypecturate, buffered with citrate from pH 4.0 to pH 7.0 or with borate at pH 8.0. Enzyme and substrate were mixed, and the viscosity measured at stated intervals of time. Enzyme activity was expressed as the reciprocal of the time required for a 50 per cent loss in viscosity of a 1.2 per cent sodium polypectate solution. The enzyme was active from pH 4.0 to pH 8.0, with an optimum around pH 6.0 (Fig. 3) . case. Inasmuch as pectin depolymerase has been found in culture filtrates of wiltinducing fungi,6 8, 9 the hydrolytic products of the action of the present pectic enzyme were of interest. For this reason the concentrated pectic enzyme was mixed at optimum pH with sodium polypectate and incubated aseptically. Aliquots of 597 the reaction mixture were removed after 12, 24, and 48 hours. The products of hydrolysis were determined chromatographically, using D-galacturonic acid and the hydrolyzate from the action of 1 per cent Pectinol lOOD on sodium polypectate as standards. Chromatograms were run for 20-24 hours in a solvent of butanolacetic acid-water (4:1:5). Dried chromatograms were sprayed with aniline hydrogen phthalatel7 and heated at 1050 C. for 5-10 minutes. Galacturonic acid was detected after 12 hours of incubation. However, the principal product of hydrolysis, having a slightly lower Rf-value, is probably the di-or trimer of galacturonic acid.
Evidently the present enzyme has the characteristics of polygalacturonase and not of pectin depolymerase.
These results do not agree with those of Beckman,9 who concluded that the fungus secretes pectin depolymerase but no polygalacturonase. Possibly he failed to detect galacturonic acid on chromatograms because the concentration of enzyme in his culture filtrates was very low. Thus even Pectinol lOOD, an enzyme rich in polygalacturonase activity, does not produce detectable amounts of galacturonic acid when diluted to an activity comparable with that found in culture filtrates of C. ulmi.
If the polygalacturonase is active in pathogenesis, a part, perhaps a major part, of the water shortage in the diseased elm tree can be overcome through using polygalacturonase inhibitors as chemotherapeutants. Inhibitors were sought among 137 compounds. The chemical and enzyme were incubated together for 1 hour before they were added to the substrate. The concentration of the inhibitor with the enzyme was 0.1 per cent, and after mixture with the substrate the inhibitor concentration was 0.016 per cent. The index of activity of the reaction mixture was the reciprocal of the time for 50 per cent loss in viscosity when sodium polypectate was the substrate.
Inhibitors of polygalacturanase from C. ulmi and the degree of inhibition they caused were t-tridecylazomethine,' 1 49.5 per cent; potassium-2-benzothiazolyl thioglycolate,15 41.0 per cent; sodium-2-thiazolyl dithiocarbamate,'5 36.2 per cent; bis dodecenyl dimethyl ammonium chloride,15 23 per cent. It is interesting that potassium-2-benzothiazolyl thioglycolate, which is a moderately successful chemotherapeutant experimentally,3 is also moderately active against polygalacturonase, whereas 8-quinolinol benzoate, another chemotherapeutant for Dutch elm disease,2 does not inhibit this enzyme.
Cellulase.-Cellulase production by C. ulmi was related to the source of carbon in the nutrient on which the fungus was growing. Maximal amounts of cellulase were produced on media containing carboxy methyl cellulose or autoclaved elm twigs. Cellulase was also produced on nutrient containing glucose. Culture filtrates from the former nutrients caused rapid loss in viscosity of carboxymethyl cellulose solution (Fig. 1) . Culture filtrates produced only a small amount of reducing sugar when incubated with CMC-30. Thus in 2 hours the culture filtrate produced only 0.07 mg glucose ml, whereas 0.25 per cent of a commercial cellulase (19AP) produced 0.56 mg glucose/ml.
To detect the ability of the fungus to degrade native cellulose, it was grown on filter-paper strips and suspended in nutrient from which glucose was omitted. Growth of the fungus was slight, and the filter paper did not disintegrate after I month. Under similar conditions, Fusarium oxysporum f. lycopersici, the fungus causing tomato wilt, disintegrated paper strips within 1 week. In the case of C. ulmi, only weak cellulase activity was detected in the filtrate when the fungus had grown for 2 weeks on a medium containing filter-paper cellulose. Little or no growth occurred when the fungus was offered cotton or wood cellulose as a carbon source.
Our data confirm Beckman's conclusion that C. ulmi produces a cellulase in small amounts. 9 The breakdown of native cellulose occurs in at least two stages. The cellulose molecule has cross-linkages between polyanhydroglucose chains. Breaking of these linkages to linear chains involves C, activity, whereas the further hydrolysis to small molecules involves Cx activity.18 Thus organisms that utilize carboxy methyl cellulose but not native cellulose produce the Cx enzyme. On the basis of swelling of cotton fibers, Beckman concluded that C. ulmi produces the C1 enzyme.
However, according to Reese and Gilligan,'9 the swelling factor is not a part of C1 but rather of C,. The cellulase of C. ulmi, therefore, appears to have Cx activity only.
To determine the pH characteristics of the concentrated cellulase from C. ulmi, the enzyme was incubated with CMC-70 in buffers at differing pH values in a manner comparable to that described for polygalacturonase. The enzyme was active from pH 2.0 to pH 8.0, with an optimum around pH 5.0 (Fig. 3) .
Are the cleavage products of enzymatic hydrolysis of cellulose large enough to cause blockage of water-conducting vessels in the elm tree? To determine this, the cellulase of C. ulmi was incubated with carboxy methyl cellulose (CMC-30) at 350 C., and the hydrolytic products were determined chromatographically. One volume of concentrated enzyme was added to 9 volumes of 0.5 per cent CMC-30, and 10-mil. aliquots were removed from time to time. Samples were spotted on filter paper together with standards consisting of cellobiose and glucose. Chromatograms were produced by the methods already described for polygalacturonase. The principal product of hydrolysis was glucose, even after 6 hours of hydrolysis. Small amounts of cellobiose and other reducing substances of higher molecular weight were also detected. Levinson, Mandels, and Reese20 reported the same result, using the cellulases of Myrothecium verrucaria and some other cellulolytic fungi.
Evidently, the cellulase of C. ulmi does not convert cellulose into products likely to clog the xylem vessels of the diseased elm tree. A number of compounds are known to inhibit the cellulases of other fungi. The activity of some of these-compounds as inhibitors was measured, using the cellulase of C. ulmi, to determine the similarity and difference between this and other cellulases. Methods of measuring inhibition were similar to those used with polygalacturonase. Silver and mercuric ions in 10-3 M concentration almost completely inhibited the enzyme, but ions of benzothiazolyl thioglycolate and 8-hydroxyquinoline benzoate, both of which have been used as chemotherapeutants for Dutch elm disease,2' 3 did not inhibit this enzyme.
Role of Enzymes in Pathogenesis.-To determine the role of polygalacturonase and cellulase in pathogenesis of C. ulmi, solutions of cellulase and polygalacturonase were introduced into elm cuttings.
Since C. ulmi produced only small amounts of polygalacturonase, a highly active purified polygalacturonase from another source24 was used on cuttings. Fifteen milliliters of 0.05 per cent solution of polygalacturonase, containing 100 times more enzyme activity than the culture filtrate, were placed in these tubes in a constanttemperature room at 250 C. at approximately 50 per cent relative humidity. A sample of heat-inactivated enzyme was used as a control. No wilting or any external injury was observed, even after 48 hours, in any of the cuttings, although the experiment was replicated five times. Transverse sections from cuttings revealed occasional red-stained plugs whether cuttings were treated with active polygalacturonase or with heat-inactivated enzyme. Thus the deposits do not arise from enzymatic activity. In cuttings treated with active polygalacturonase, slight disorganization of vascular elements was evident. Some browning of xylem vessels and adjacent parenchyma also occurred in the areas where cells were separated by enzyme action.
A partially purified cellulase from C. ulmi, containing twice as much activity as the culture filtrate, was tested on cuttings in the manner described above. No external injury occurred on cuttings from the cellulase, and freehand transverse sections of the cuttings revealed no injury at the end of 48 hours of treatment.
These experiments with elm cutting suggest that pectic enzymes of C. ulmi play no direct role in wilting of trees or in plugging xylem vessels, in the manner postulated for Fusarium wilt of tomato by Gothoskar et al. 6 and Pierson et al.25 How. ever, the production of pectic and cellulolytic enzymes may be important in providing food for the fungus in the host. It seems logical to assume that extracellular enzymes act on the pectic and cellulosic constituents of the cell walls of the host and that the breakdown products of these large molecules are made available for the nutrition of the pathogen. Possibly the cellulase of the fungus cannot hydrolyze the crystalline part of the cellulose but acts on other noncellulosic polysaccharides having 1-4i linkage, such as xylan. Thus the cellulase from M. verrucaria causes hydrolysis of the xylan of wheat straw with its ,B1-4 xylopyranoside units. 26 The stimulation of enzyme secretion in the presence of elm wood suggests that these enzymes act upon constituents of elm wood in the diseased tree.
The search of inhibitors of polygalacturonase and of cellulase may be helpful in this connection. Inhibition of these enzymes could lead to an understanding of the role that the enzymes play in pathogenesis and to alleviation of disease severity.
SUMMARY
Polygalacturonase and cellulase are produced by the fungus causing Dutch elm disease, C. ulmi (Buisman) Moreau. The enzymes are extracellular, and their possible role in pathogenesis in the elm tree has been examined. The pectic enzyme is polygalacturonase and not pectin depolymerase, as shown by the appearance of reducing groups when pectins are incubated with the enzyme and by the appearance VOL. 44, 1958 PATHOLOGY AND BACTERIOLOGY: HUTSAIN AND DIMOND of galacturonic acid among the hydrolytic products. A cellulase is produced that is unable to attack native cellulose, but it hydrolyzes carboxy methyl cellulose to glucose. Both enzymes are most abundantly produced by the fungus when it grows on chopped elm twigs, and both show maximum activity in the range of pH about 5.5. Apparently neither enzyme is involved in pathogenesis in the elm tree because neither produces wilting of leaves of elm cuttings subjected to the enzymes, nor are the water-transporting cells of such cuttings plugged with hydrolytic products of enzyme action upon host cell walls. At most, the enzymes enable the fungus to obtain food from host cell walls. Mercuric ion inhibits the cellulase and N-t-tridecylazomethine inhibits the polygalacturonase. Neither enzyme is affected by 8- quinolinol benzoate, a chemotherapeutant for Dutch elm disease. Interestingly enough, another chemotherapeutant, potassium-2-benzothiazolyl thioglycolate, inhibits the polygalacturonase but not the cellulase of C. ulmi.
